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Recently, macroscopic mechanical oscillators have been coaxed into a regime of quantum behav-
ior, by direct refrigeration [1] or a combination of refrigeration and laser-like cooling [2, 3]. This
exciting result has encouraged notions that mechanical oscillators may perform useful functions in
the processing of quantum information with superconducting circuits [1, 4–7], either by serving as a
quantum memory for the ephemeral state of a microwave field or by providing a quantum interface
between otherwise incompatible systems [8, 9]. As yet, the transfer of an itinerant state or prop-
agating mode of a microwave field to and from a mechanical oscillator has not been demonstrated
owing to the inability to agilely turn on and off the interaction between microwave electricity and
mechanical motion. Here we demonstrate that the state of an itinerant microwave field can be
coherently transferred into, stored in, and retrieved from a mechanical oscillator with amplitudes
at the single quanta level. Crucially, the time to capture and to retrieve the microwave state is
shorter than the quantum state lifetime of the mechanical oscillator. In this quantum regime, the
mechanical oscillator can both store and transduce quantum information.
Mechanical oscillators are particularly appealing for
storing or transducing quantum information encoded in
microwave fields, as their fabrication is compatible with,
and their size similar to, superconducting quantum cir-
cuits. Indeed, a high-frequency mechanical oscillator has
been combined with a superconducting qubit, demon-
strating the transfer of a qubit state to the oscillator [1].
While an impressive demonstration, the few nanosecond
lifetime of the oscillator, which was much shorter than
the lifetime of the qubit, suggests that lower frequency
oscillators with much longer lifetimes may form superior
quantum memories. This is particularly true for stor-
ing the information in an itinerant mode of a microwave
field, for which the characteristic time to acquire a new
value is about 100 ns [10–12]. The penalty for working
with a low-frequency oscillator is that the oscillator will
not naturally be in its quantum ground state but rather a
hot thermal state. For example, an oscillator with a reso-
nance frequency of Ωm = 10 MHz in equilibrium with an
environment at temperature Tenv = 25 mK will contain
a statistically fluctuating number of quanta with average
value nenv ≡ [exp(kBTenv/h¯Ωm)−1]−1 = 50 quanta. For-
tunately, embedding the mechanical oscillator in a high
frequency resonant circuit creates an interaction between
the mechanical oscillator and itinerant microwave fields
that can be used cool the oscillator to its ground state
[2].
Here we show that this same interaction exchanges a
coherent state of an itinerant microwave field with the
hot thermal state of the mechanical oscillator. This ex-
change simultaneously transfers the information from the
itinerant microwave field to the mechanical oscillator and
removes the thermal excitations from the mechanical os-
cillator, preparing it in a low-entropy state. We transfer
coherent microwave fields with amplitudes at the single
quanta level while removing all but one thermal excita-
tion from the mechanical oscillator. We demonstrate that
this low entropy state is preserved for a characteristic
time of 90 µs, about 125 times longer than the minimum
transfer time. Finally, we contrast the transfer of itin-
erant states of a microwave field and localized states of
the microwave resonant circuit in which the mechanical
oscillator is embedded.
Our mechanical oscillator is the fundamental drum-
head mode of a thin (100 nm), 15 µm diameter super-
conducting aluminum membrane, which forms the upper
plate of a 50 nm vacuum gap capacitor (Fig. 1a) [13].
This arrangement forms a parallel plate capacitor that,
together with a spiral inductor, creates our microwave
resonant circuit with resonant frequency ωc ∼= 2pi × 7.5
GHz. We couple energy to and from the circuit via a
nearby transmission line and determine the device pa-
rameters from spectroscopic measurements (similar to
Ref. [2]) in a dilution refrigerator with a 15 mK base
temperature. The tension and diameter of the membrane
produce a fundamental mode Ωm = 2pi× 10.5 MHz, with
a linewidth γm = 2pi× 35 Hz. This mode and the oscilla-
tor mass m = 48 pg imply a zero-point motion xzp = 4.1
fm.
The key to our state transfer measurements is the abil-
ity to rapidly switch the coupling between the mechan-
ical oscillator and the resonant circuit on and off [14–
18]. That the two systems are coupled can be understood
from the fact that the motion of the oscillator changes
the circuit’s resonance frequency ωc. The coupling can be
described by an interaction Hamiltonian Hint = h¯Gxˆaˆ
†aˆ,
where G = dωc/dx, aˆ(aˆ
†) corresponds to the annihilation
(creation) operator for microwave photons, (aˆ†aˆ) is the
2photon number and xˆ is the position operator of the me-
chanical oscillator. In the presence of a strong microwave
excitation at frequency ωd = ωc−Ωm, the interaction be-
tween the two systems is greatly enhanced and takes the
approximate form
Hint = h¯g0
√
Nd(t)(aˆbˆ
† + bˆaˆ†) , (1)
where Nd(t) is the strength of the excitation at ωd
expressed as the number of photons in the resonator,
g0 = Gxzp = 2pi × 200 Hz, and bˆ(bˆ†) is the annihilation
(creation) operator for mechanical phonons [19]. The
interaction Hamiltonian now resembles that of a beam
splitter and as such it coherently exchanges energy be-
tween microwave fields at ωc and mechanical phonons,
as highlighted by the blue arrow in Fig. 1b. Crucially,
the rate of that exchange – the transmission of the beam
splitter – is controlled by Nd(t), a quantity that we can
change. In addition to the dynamics contained within
Eq. 1, energy is also coupled between the resonant cir-
cuit and itinerant modes in the transmission line at a
rate κext = 2pi × 160 kHz. The resonators linewidth is
κ = κin + κext, where κin is the undesired internal loss
rate, a quantity that depends on the energy in the res-
onant circuit [20]. For the range of microwave powers
used here we find κ between 2pi × 220 kHz and 2pi × 250
kHz. Equation 1, which permits the rapid and coherent
exchange between electrical and mechanical energy, is an
approximation that assumes κ is small enough to satisfy
κ≪ Ωm (the resolved sideband limit).
Far in the resolved sideband limit, the microwave fields
incident on the circuit can be divided conceptually into
two types of fields based on their frequency (Fig. 1c).
Fields with frequency near ωc prepare the circuit (prepa-
ration field) in a particular state, which can be trans-
ferred into the mechanical oscillator. Fields with frequen-
cies near ωc−Ωm transfer states (transfer field) between
the mechanical oscillator and the microwave circuit. In
the resolved sideband limit, these fields can remain spec-
trally distinct even when their strengths are varied more
rapidly than κ. The transfer field’s strength (Fig. 1b) de-
termines whether itinerant fields in a nearby transmission
line or states of the resonator are transferred. Because
the resonator’s state evolves into an itinerant mode at
rate κext, if 2g0
√
Nd < κ, the resonator never completely
contains the former or future state of the mechanical
oscillator and the transfer process is between itinerant
microwave fields and the oscillator [21, 22]. If instead
the coupling rate is increased such that 2g0
√
Nd > κ
(strong coupling regime), the state of the resonator can
be swapped with the oscillator [19, 23].
The phenomena of cooling, state measurement, and
optomechanically induced transparency [23] can be un-
derstood as steady state limits of the transfer process
[24] in either regime. For example, if the preparation
field is unexcited in its vacuum state, continuous appli-
cation of the transfer field exchanges the thermal state of
the mechanical oscillator for the ground state of the mi-
crowave field, cooling the oscillator [25–28]. Microwave
fields emitted by the circuit carry away the thermal state
where it can then be measured. If instead, a transfer
field and a preparation field are both applied continu-
ously, they produce an interference effect in the response
of the circuit to the preparation field (optomechanically
induced transparency) [23, 24, 29]. All of these phenom-
ena are contained within the classical equations of mo-
tion for the coupled system; however, if the transfer rate
between phonons and itinerant photons
Γext =
4g20Nd
κ
κext
κ
, (2)
exceeds the rate at which a single phonon is exchanged
with the oscillator’s environment, the transfer process
is capable of exchanging single mechanical phonons and
microwave photons. The factor κext/κ in Eq. 2 distin-
guishes the transfer rate to intinerant photons from the
total decay rate to all channels Γ = 4g20Nd/κ. A sin-
gle phonon enters from the environment at a rate given
by ≃ nenvγm, where γm is the rate at which the oscilla-
tor exchanges energy with the environment. The ratio
of the state transfer rate to the environmental decoher-
ence rate takes the from of a cooperativity parameter
C = 4g20Nd/(κnenvγm), conveniently marking entry to
the quantum regime when C > 1. The device we study
is well suited for demonstrating state transfer because
it is far in the resolved sideband limit and capable of
achieving C ≫ 1.
We first use our ability to transfer the state of a me-
chanical oscillator to an itinerant microwave field in order
to measure the state of the oscillator. Specifically, we en-
ergize the transfer field at time t = 0, with Γ > nenvγm
sufficiently large to transfer the state out of the me-
chanical oscillator into a microwave signal propagating
in the transmission line before the oscillator can absorb
one quantum from its warm environment. To recover the
state of the mechanical oscillator, we amplify, mix down,
and digitize the microwave signal. The frequency com-
ponent at ωd + Ωm in the microwave field is mapped to
oscillations in Vout at frequency ωout/2pi ≈ 1 MHz. The
mixed-down signal Vout encodes the amplitude and phase
of the mechanical oscillator at t = 0. (See Supplementary
information.) To illustrate this procedure, in Fig. 2a we
show such a measurement; Vout(t) is plotted for a case
where the mechanical oscillator was first prepared in a
state of large amplitude so that the oscillations can eas-
ily be resolved. The oscillations decay exponentially with
a rate (Γ+γm)/2 ≈ Γ/2 = 2pi×4 kHz, chosen by the mag-
nitude of the transfer field
√
Nd. Using our knowledge
of Γ and ωout, we can optimally extract the amplitude
and phase of the microwave temporal mode from any
particular realization of the measurement, and thus infer
the state of the oscillator just before it was transferred.
Rather than work with amplitude and phase variables,
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FIG. 1: Schematic description of the experiment. a,
False-colour image of the device; the sputtered aluminum is
shown in grey and the sapphire substrate in blue. A coplanar-
waveguide transmission line, visible at the right edge of the
image couples itinerant microwave fields to the resonant cir-
cuit via mutual inductance with the spiral inductor of the
resonator. The mechanical oscillator is the 15 µm disk visi-
ble at the left edge of the figure. b, The diagram represents
the exchange of energy between itinerant microwave fields and
mechanical motion. In the presence of a transfer field with Nd
photons, the coupling rate between the resonator and the os-
cillator fields is g0
√
Nd and the resonator energy enters from
and departs to the transmission line at a rate κext. The trans-
fer rate between itinerant microwave fields and mechanical
motion is Γext. The preparation and transfer field are applied
at port 1 and fields that emerge from the circuit are measured
at port 2 with a sensitive microwave receiver circuit. c, A fre-
quency domain representation of the experiment shows that
the preparation field (green) and the transfer field (brown)
are widely seperated (Ωm ≫ κ) compared to the linewidth of
the circuit’s response (black).
we prefer to describe the state of the oscillator in terms
of quadrature amplitudes Xˆ1 = (bˆe
iΩmt+bˆ†e−iΩmt)/2 and
Xˆ2 = (bˆe
iΩmt− bˆ†e−iΩmt)/2i, which have the virtue of be-
ing canonically conjugate. We refer to our inference of Xˆ1
and Xˆ2 in any single measurement as X1 and X2. This
inference is not perfect because noise with both quantum
and technical origins is added by the state transfer and
subsequent measurement of the microwave field. We in-
dependently determine the variance of this measurement
noise and denote it 1/η, where η ≤ 1 is an effective quan-
tum efficiency of the measurement (See Supplementary
Information).
To demonstrate that we are in fact measuring the state
of a mechanical oscillator by transfer to an itinerant mi-
crowave field and to calibrate our measurement, we ex-
amine the statistics of our measurements with the me-
chanical oscillator prepared in a thermal state by equili-
bration with the environment. In our protocol, we wait
(≈ 5/γm) for the oscillator to come into equilibrium with
the environment and then apply a transfer tone for a
time longer than 5/Γ, extracting a pair of values (as yet
uncalibrated) X1 and X2. By repeating the same pro-
tocol 2000 times we gather sufficient statistics to deter-
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FIG. 2: Measurement by state transfer. a, The mixed-
down microwave signal Vout(t) is measured after the appli-
cation of a transfer field at time t = 0 for a case where the
mechanical oscillator has been prepared in a state with large
amplitude. b, Each point is an estimate of the state of the
mechanical oscillator expressed as quadrature amplitudes X1
and X2 extracted from data similar to that shown in a. The
points are 2000 independent measurements of the state of the
mechanical oscillator when in equilibrium at Tenv = 25 mK.
c, The red points show the average energy N of the oscillator
(in units of quanta) as a function of the refrigerator’s temper-
ature, calculated from the measurements of the oscillator’s
state as N = 〈(X21 +X22 )〉−1/η. By assuming the mechanical
oscillator is in equilibrium with an environment we measure
nenv = N , which grows with the refrigerator’s temperature
and scales linearly (dashed line) with temperature between
35 mK and 70 mK.
mine the state of the mechanical oscillator. For a me-
chanical oscillator in equilibrium with an environment at
temperature Tenv we expect the measurements of X1, X2
to follow a two dimensional Gaussian distribution whose
variance depends on the environment’s temperature as
〈X21 +X22 〉 ∝ nenv + 1/η, where the brackets denote an
ensemble average. In Fig. 2b we plot the 2000 mea-
surements, demonstrating that the measurements have a
distribution consistent with a thermal state (see Supple-
mentary Information). By raising the temperature of the
dilution refrigerator we expect the variance to increase
accordingly if the mechanical oscillator’s environment is
at the refrigerator’s temperature. Indeed, between 35
and 70 mK, we find that 〈X21 +X22 〉−1/η is proportional
to the refrigerator’s temperature as shown in Fig. 2c. In
this temperature range we conclude that the oscillator
is in equilibrium with the refrigerator; therefore, we can
calibrate X1, X2 and 1/η into dimensionless units with a
single scaling factor such that 〈X21 +X22 〉 − 1/η = nenv.
We consistently find η between 0.11 and 0.12, close to the
value we expect (see Supplementary Information). Below
435 mK the mechanical oscillator falls out of equilibrium
with our refrigerator, cooling only to 25 mK when the re-
frigerator is at 15 mK. This saturation is not caused by
the pulsed nature of our measurement as it is also seen
using steady-state measurements and is independent of
the repetition rate of the protocol.
We now test our ability to capture and store itinerant
microwave states in the mechanical oscillator and to re-
trieve and measure those states after storage, as depicted
in Fig. 3a. We simultaneously apply a transfer field with
Γ = 2pi × 1.81 kHz > nenvγm and a coherent prepara-
tion pulse, such that the mechanical oscillator captures
the preparation field. Although our preparation pulse
has a square envelope, we capture a coherent temporal
mode that is a growing exponential (time reverse of our
retrieved state), chosen by the envelope of the transfer
field (see Supplementary Information). After waiting a
delay time τdel the mechanical state is transferred back
into a microwave state and measured (Fig 3b). In order
to demonstrate that the phase of the preparation field is
preserved in the mechanical oscillator, we choose one of
four different preparation fields, where the four choices
have different phases. The data clearly show that the
phase of the preparation is faithfully recovered after stor-
age. Furthermore, the total variances in Fig. 3b are 4.5
times smaller than in Fig. 2b, signifying a lower entropy
and thermal energy.
Having demonstrated the ability to prepare the me-
chanical oscillator in a low entropy state, we can observe
its evolution back into a thermal state in equilibrium with
its environment. In an ensemble of measurements we
can distinguish the energy associated with the coherent
and thermal components as Ncoh = 〈X1〉2 + 〈X2〉2 and
Nth = 〈(X1 − 〈X1〉)2〉 + 〈(X2 − 〈X2〉)2〉 − 1/η. Fig. 3c
shows the evolution of Ncoh and Nth as a function of
τdel. As expected, the coherent component exponentially
decays while the entropy returns to the mechanical oscil-
lator. We find excellent agreement between the data and
predicted evolution with a rethermalization rate indepen-
dently determined from steady-state measurements of the
mechanical oscillator, γm = 2pi × 35 Hz. Thus, the rate
at which the first thermal phonon enters the mechanical
oscillator is well described by nenvγm = 2pi × 1.75 kHz,
implying a storage time for a quantum memory of 90 µs.
Using our device as a quantum memory will require the
ability to transfer states with about a single quantum of
energy. To test our transfer process at the single quan-
tum level we reduce the itinerant mode power by a factor
of 36 from that of Fig. 3b and set τdel = 100 µs. Based
on our previous measurements of Fig. 3b, we would ex-
pect this protocol to prepare the mechanical oscillator
in a state with Ncoh = 1.6 quanta. The crosses in Fig.
3d show the expected coherent quadrature components
〈X1〉 and 〈X2〉, while the four outer points show the mea-
sured values of 〈X1〉 and 〈X2〉. We find that the state
has been transferred into and out of the mechanical os-
cillator with an accuracy better than one quantum. The
initial measurement of the oscillator at tdel = 100 µs
yields Nth = 2.14 ± 0.14 (see Supplementary Informa-
tion). From the measured rethermalization rate nenvγm,
we can infer that the mechanics had one quantum of noise
just after preparing it, i.e. Nth(τdel = 0 µs) ≃ 1, consis-
tent with the transfer field used to capture the prepara-
tion field.
While the minimum transfer rate to preserve quantum
coherence between mechanics and itinerant microwave
fields is nenvγm, the maximum transfer rate is κ. We il-
lustrate this limit by increasing the transfer field strength
such that
√
Nd > κ/2g0, reaching a regime of state trans-
fer between the mechanical oscillator and the resonator
itself, rather than the itinerant fields that couple to the
resonator. Specifically, we follow the protocol of Fig. 3a
with the addition of a large transfer pulse (exchange) ap-
plied for variable time τint between the preparation and
measurement pulses (Fig. 4a). By waiting 100 µs after
the exchange pulse to apply the measurement pulse, we
measure only the portion of the state that was in the
mechanical oscillator, as the resonator’s energy decays
much more rapidly. Figure 4b shows Ncoh measured as a
function of τint. Several exchanges between the two sys-
tems are visible, where the exchange rate is clearly faster
than κ. The solid line is a fit using the equations of mo-
tion for a linearized model. We find good agreement for
κ = 2pi×220 kHz and a coupling rate of 2g0
√
Nd = 1.7 κ.
This measurement demonstrates in the time domain the
bandwidth limit for transferring itinerant fields and that
the ratio of transfer time to storage time is approximately
125.
Looking forward, the ability to store microwave states
in a low loss mechanical oscillator provides an attrac-
tive tool in the growing field of quantum technology.
While our measurements here have dealt with classical
states with single quanta level energies, one can readily
imagine incorporating a superconducting qubit to gen-
erate itinerant Fock states that could be stored in the
mechanical oscillator [10, 12]. In this case, the transfer
field would be shaped to best capture the single itinerant
photon [30]. Our measurements also represent a signifi-
cant step in a more ambitious goal of transferring states
between photons at microwave and optical frequencies
[8, 9, 31]. As mechanical oscillators continue to progress
in the quantum regime, new applications will emerge that
exploit this quantum behavior in the topics of fundamen-
tal physics, quantum information, and precise force sens-
ing. Our measurements demonstrate a unique ability to
control a mechanical oscillator, paving the way for many
of these applications to become reality.
This work was supported primarily by the DARPA
QuASAR programme, with additional support from the
NSF Physics Frontier Center and NIST. We would like
to thank Joseph Kerckhoff and Reed Andrews for fruitful
discussions.
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FIG. 3: A mechanical oscillator as a phase coherent memory. a, The diagram depicts the protocol for demonstrating
capture, storage, and retrieval of itinerant microwave fields. The upper trace shows the four possible coherent preparation fields
as sinusoidal oscillations with one of four different phases, indicated by the four colours. The lower trace illustrates the strength
of the transfer field. We repeat the protocol 1600 times, 400 times per phase. b, The state of the oscillator is inferred as in
Fig. 2b with τdel = 200 µs. Each measurement yields a single point in phase space that has been coloured to correspond to
the phase of the preparation field. c, Occupancy of the oscillator as a function of τdel is decomposed into a thermal component
(open circles) and a coherent component (closed circles). The solid lines are exponentials with rates independently determined
from spectroscopic measurements, namely γm = 2pi × 35 Hz. The error bar shown on the last point of the thermal component
shows the expected one-standard deviation statistical uncertainty, (Nth + 1/η)/
√
400. d, To demonstrate coherent memory at
the level of a single quantum, we repeat the protocol but use preparation fields with coherent amplitudes 6 times smaller than
in b. The points show the coherent amplitude and phase of the retrieved state, estimated by averaging the quadrature values of
1000 measurements for each preparation phase. The circles enclosing the points indicate the one standard deviation statistical
uncertainty in the measurement. For the outer points (coloured as in b), τdel = 100 µs, where expected results are plotted as
crosses in phase space. For the inner red point and circle, τdel = 20 ms, illustrating the eventual loss of phase information and
associated increase in thermal noise.
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7Supplementary Information
Extracting the quadrature amplitudes and
measurement efficiency
From each individual measurement we obtain a best
estimate of the quadrature amplitudes X1 and X2 of the
state of the mechanical oscillator. As shown in Fig. 2a,
the output voltage Vout during the transfer pulse is an
exponentially decaying oscillation obtained by amplify-
ing and mixing down the itinerant microwave field. The
frequency component at ωd+Ωm in the microwave field is
mapped in the mixed down signal to ωout ≈ 2pi× 1 MHz.
We digitally sample Vout at 10 MHz, yielding samples at
discrete times {ti}, which enables us to optimally filter
the signal based on our knowledge of the transfer pulse
and mechanical oscillator. The decay rate of Vout is con-
trolled by the amplitude of the transfer pulse. We there-
fore determine our uncalibrated quadrature amplitudes
by projecting the data onto the appropriate damped os-
cillatory functions as
X1 = C
∑
i
e−Γti/2 cos((ωout + δ)ti)Vout(ti) , (3)
and
X2 = C
∑
i
e−Γti/2 sin((ωout + δ)ti)Vout(ti) , (4)
where δ is a frequency offset parameter and C is a scal-
ing parameter to convert our measurements into units of
mechanical quanta. For the optimum estimate of X1 and
X2, δ is set to 0.
While each individual estimate of X1 and X2 nec-
essarily includes a component from both measurement
noise and thermal noise, we can separately determine
the variance of these two sources. The variance of
the measurement noise can be found by projecting the
data onto functions orthogonal to the template functions
e−Γt/2 cos(ωoutt) and e
−Γt/2 sin(ωoutt). In practice we
determine the uncalibrated measurement noise from the
variance of X1 and X2 when Eqs. 3 and 4 are evalu-
ated with |δ| ≫ Γ, sufficiently large to be orthogonal to
the template functions (Fig. 5). As the measurement
noise and thermal noise are uncorrelated, we can sub-
tract the variance of the measurement noise 1/η from
the total variance of the ensemble measurements to ob-
tain the variance associated with the thermal noise. As
described in the main text, we scale X1, X2, and 1/η into
calibrated units of quanta by preparing the mechanical
oscillator in a state of known temperature (see Fig 2c).
In Fig. 5 we plot the total variance Nth+1/η = 〈(X1−
〈X1〉)2〉+ 〈(X2−〈X2〉)2〉 versus δ for the 25 mK thermal
state (red points) and a low entropy state (green points)
also shown in Fig. 3d. The solid line is a Lorentzian fit
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FIG. 5: Measurement efficiency. The red points corre-
spond to the variance of a 25 mK thermal state, while the
green points correspond to a low entropy state, plotted as a
function of δ. The coherent components from the same mea-
surements are depicted as the green and red points in Fig. 3d.
The line is a Lorentzian fit used to extract Nth and η from
the peak and offset, respectively. The width of the lorentzians
Γ is set by the measurement strength Nd. Here we find an
efficiency of η = 0.11. The background slope results from a
slight frequency dependence in the amplifier chain.
to extract 1/η and Nth. Here we find 1/η = 0.11 and
Nth = 2.22 for the low entropy coherent state. Similar
measurements on the other low entropy states shown in
Fig. 3d give an average thermal component of Nth =
2.14± 0.14.
Predicted measurement efficiency
We infer the oscillator energy from simultaneous mea-
surements of X1 and X2, and thus expect quantum noise
to contribute in two different ways. First, neither X1 nor
X2 commute with the Hamiltonian of the oscillator, ac-
counting for the appearance of 1/2 quantum of noise, usu-
ally associated with oscillator zero-point motion. In ad-
dition, X1 and X2 do not commute with each other; the
associated Heisenberg uncertainty principle contributes
an additional 1/2 quantum of measurement noise. There-
fore a quantum limited measurement of a thermal state
will have variance nth + 1. By writing the variance of
our measurement as nth + 1/η, η can be regarded as the
measurement’s quantum efficiency. We specify the mea-
surement noise as a quantum measurement efficiency η to
highlight the combined effects of loss and amplifier noise
with respect to an ideal quantum limited experiment.
We can separately consider the factors contributing to
a reduced efficiency and multiply them together to get a
best estimate of η. These factors can be grouped in terms
of those that affect the state transfer efficiency ηst and
those that affect our inference of the state transferred.
As κint is comparable to κext, 65 percent of the oscillator
energy is transferred to itinerant photons, as opposed to
being dissipated in the resonator. Also, in the current
configuration we only measure the waves propagating in
8Prep.
Trans.
a
Time
τdel
b
100
10
3
10
4
10
5
Γ/2pi (Hz)
= 0.5 ms
Γ 
10
2
N
co
h
%
10
1
Γ prep
FIG. 6: Temporal Mode Capture. a, The diagram depicts
the protocol for capture, storage, and retrieval for an itinerant
microwave field that ideally matches a constant transfer field.
The upper trace shows the power of the preparation field, a
rising exponential at rate Γprep. b, The coherent microwave
energy retrieved from the mechanical oscillator (blue) is plot-
ted as a function of the transfer field strength Γ. The y-axis
has been normalized to the total energy in the preparation
field. The red points show the fraction of the preparation
field that passes through the transmission line directly with-
out being captured by the oscillator. The solid lines are the
expected results with all parameters determined in previous
measurements.
one direction, yet the resonator mode couples to modes
propagating in two directions. These two factors com-
bine to give an estimated ηst = 0.33. Our inference of
the transferred state is affected by loss in the microwave
components and a non-quantum limited amplifier. The
microwave components that carry the signal from the
resonator to the Josephson Parametric Amplifier (JPA)
transmit 55 percent of the energy and the added noise of
the JPA [32] can be recast as a quantum efficiency of 70
percent [11]. When these factors are combined with ηst
we expect a total measurement efficiency η = 0.13.
In future experiments we should be able to achieve a
significantly higher efficiency. We plan to couple the res-
onator to only one direction, improve the ratio of κ/κint,
and use a JPA closer to being quantum limited. These
factors should allow ηst to approach 1 and improve η to
approximately 0.5.
Temporal Mode Capture and Transfer Efficiency
In addition to determining the measurement efficiency
we can also determine the transfer efficiency ηst indepen-
dently. For a transfer field with a square envelope, we
capture a coherent temporal mode that has an envelope
growing exponentially at a rate controlled by the strength
of the transfer field. This fact is easily understood by
imagining the capture process as the time reverse of the
measurement process. In Fig. 6, we both demonstrate
the shape of the captured mode and measure the trans-
fer efficiency directly. Figure 6a depicts the protocol for
capture, storage and retrieval where the preparation field
is a growing exponential with rate Γprep = 2pi × 2.55
kHz. The blue points in Fig. 6b show the percentage of
retrieved coherent energy after being stored in the me-
chanical oscillator for 500 µs. The red points show the
percentage of the preparation field that passes through
the transmission line without being captured by the me-
chanics. The lines are predictions of the linear equations
of motion that describe our system, with the system pa-
rameters determined independently. We find excellent
agreement. As the percentage of recovered energy mea-
sured in Fig. 6 includes two transfer steps, a capture and
a retrieval, %Ncoh ∝ η2st. As expected, we find the max-
imum efficiency for a single transfer is ηst = 0.33, when
Γ = Γprep as shown by the green line in Fig. 6b. In the
limit of a very large transfer field we see optomechanically
induced transparency as the red points approach unity.
By coupling the circuit to only one direction of the trans-
mission line and by increasing the external coupling κext,
we expect ηst to approach 1 in future experiments.
Thermal State Distribution
In Fig. 2a we plotted 2000 single shot quadrature mea-
surements of the mechanical oscillator when it was in
equilibrium at 25 mK. Here we show explicitly that the
measured distribution for these points is consistent with
a thermal distribution. Figure 7 shows a histogram of
the inferred quanta (black points) for the data of Fig.
2a, a thermal state at 25 mK with η = 0.12. Each bin
in the histogram is five quanta wide. The error bars are
one standard deviation statistical error derived from the
number of counts in each bin. The red line shows the ex-
pected number of measurement outcomes yielding a par-
ticular |α|2 = X21+X22 based on a probability distribution
function P = (Nth+1/η)
−1 exp(−|α|2(Nth+1/η)−1), the
distribution for a thermal state of occupancy Nth = 50
measured with efficiency η.
State swaps
In Fig. 4, we demonstrated the ability to coherently
transfer a state between the resonator and oscillator. By
varying the length of the transfer pulse we were able
to observe oscillations in Ncoh as the state continuously
swapped back and forth between the two systems. The
solid line in Fig. 4b represents a fit to these oscillations.
To derive the expression used in the fit, we start from
the linearized Hamiltonian in the rotating frame of the
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FIG. 7: Thermal state Distribution.
transfer drive ωd
H = −h¯∆aˆ†aˆ+ h¯Ωmbˆ†bˆ+ h¯g(aˆbˆ† + bˆaˆ†) , (5)
where ∆ = ωd−ωc and g = g0
√
Nd(t). For an optimally
red-detuned drive, ∆ = −Ωm. Using input-output for-
malism we write the linearized Heisenberg equations of
motion [27],
d
dt


aˆ
bˆ
aˆ†
bˆ†

 =


i∆− κ/2 −ig 0 −ig
−ig −iΩ− Γm/2 −ig 0
0 ig −i∆− κ/2 ig
ig 0 ig iΩ− Γm/2




aˆ
bˆ
aˆ†
bˆ†

+


−√κ 0 0 0
0 −√Γm 0 0
0 0 −√κ 0
0 0 0 −√Γm




ξˆc
ξˆm
ξˆ†c
ξˆ†m


(6)
We introduce ξˆm and ξˆc as operators associated with
the modes of the mechanical oscillator’s environment and
circuit’s environment, respectively. Equation 6 can be
transformed to our quadrature basis through


Zˆ1
Xˆ1
Zˆ2
Xˆ2

 =
1√
2


1 0 1 0
0 1 0 1
−i 0 i 0
0 −i 0 i




aˆ
bˆ
aˆ†
bˆ†

 , (7)
where Zˆ1 and Zˆ2 are the quadrature amplitudes of the
resonator.
For the solid curve in Fig. 4b, we time evolve an initial
coherent state 〈Xˆ1〉 = 6300 for a constant coupling drive
and calculate Ncoh = 〈Xˆ1〉2+〈Xˆ2〉2 as a function of time.
Because ξˆm and ξˆc assume random values with mean zero,
they play no role in determining Ncoh.
